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6Chapter 6
Temperature dependence of the
effective spin-mixing conductance probed with
lateral non-local spin valves
Abstract
We report the temperature dependence of the effective spin-mixing conductance between
a normal metal (aluminium, Al) and a magnetic insulator (Y3Fe5O12, YIG). Non-local
spin valve devices, using Al as the spin transport channel, were fabricated on top of YIG
and SiO2 substrates. By comparing the spin relaxation lengths in the Al channel on the
two different substrates, we calculate the effective spin-mixing conductance (Gs) to be
3.3× 1012 Ω−1m−2 at 293 K for the Al/YIG interface. A decrease of up to 84% in Gs is
observed when the temperature (T ) is decreased from 293 K to 4.2 K, withGs scaling with
(T/Tc)
3/2. The real part of the spin-mixing conductance (Gr ≈ 5.7 × 1013 Ω−1m−2),
calculated from the experimentally obtainedGs, is found to be approximately independent
of the temperature. We evidence a hitherto unrecognized underestimation of Gr extracted
from the modulation of the spin signal by rotating the magnetization direction of YIG
with respect to the spin accumulation direction in the Al channel, which is found to be 50
times smaller than the calculated value.
Published as:
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6.1 Introduction
The transfer of spin information between a normal metal (NM) and a magnetic in-
sulator (MI) is the crux of electrical injection and detection of spins in the rapidly
emerging fields of magnon spintronics [1] and antiferromagnetic spintronics [2, 3].
The spin current flowing through the NM/MI interface is governed by the spin-
mixing conductance [4–7], G↑↓, which plays a crucial role in spin transfer torque [8–
10], spin pumping [11, 12], spin Hall magnetoresistance (SMR) [13, 14] and spin See-
beck experiments [15]. In these experiments, the spin-mixing conductance (G↑↓ =
Gr +iGi), composed of a real (Gr) and an imaginary part (Gi), determines the transfer
of spin angular momentum between the spin accumulation (~µs) in the NM and the
magnetization ( ~M ) of the MI in the non-collinear case. However, recent experiments
on the spin Peltier effect [16], spin sinking [17] and non-local magnon transport
in magnetic insulators [18, 19] necessitate the transfer of spin angular momentum
through the NM/MI interface also in the collinear case (~µs ‖ ~M ). This is taken into
account by the effective spin-mixing conductance (Gs) concept, according to which
the transfer of spin angular momentum across the NM/MI interface can occur, irre-
spective of the mutual orientation between ~µs and ~M , via local thermal fluctuations
of the equilibrium magnetization (thermal magnons [20]) in the MI. The spin current
density (~js) through the NM/MI interface can, therefore, be expressed as [17, 21, 22]:
~js = Grmˆ× (~µs × mˆ) +Gi (~µs × mˆ) +Gs~µs, (6.1)
where, mˆ is a unit vector pointing along the direction of ~M . While Gr and Gi have
been extensively studied in spin torque and SMR experiments [23–25], direct exper-
imental studies on the temperature dependence of Gs are lacking.
In this letter, we report the first systematic study of Gs versus temperature (T )
for a NM/MI interface. For this, we utilize the lateral non-local spin valve (NLSV)
geometry, which provides an alternative way to study the spin-mixing conductance
using pure spin currents in a NM with low spin-orbit coupling (SOC) [17, 26, 27]. A
low SOC of the NM in the NLSV technique also ensures that the spin-mixing conduc-
tance is not overestimated due to spurious proximity effects in NMs with high SOC
or close to the Stoner criterion, such as Pt [28–30]. We exclusively address the tem-
perature dependence of Gs for the aluminium (Al)/Y3Fe5O12 (YIG) interface, which
is obtained by comparing the spin relaxation length (λN) in similar Al channels on a
magnetic YIG substrate and a non-magnetic SiO2 substrate, as a function of temper-
ature. Gs decreases by about 84% when the temperature is decreased from 293 K to
4.2 K and scales with (T/Tc)3/2, where Tc = 560 K is the Curie temperature of YIG,
consistent with theoretical predictions [19, 31–33]. The real part of the spin-mixing
conductance (Gr) is then calculated from the experimentally obtained values of Gs



























Figure 6.1: (a) Schematic illustration of the experimental geometry. The spin accumulation
(~µs), injected into the Al channel by the Py injector, has an additional relaxation pathway into
the (insulating) magnetic YIG substrate due to local thermal fluctuations of the equilibrium
YIG magnetization ( ~M ) or thermal magnons. (b) SEM image of a representative NLSV device
along with the illustration of the electrical connections for the NLSV measurements. An alter-
nating current (I) was sourced from the left Py strip (injector) to the left end of the Al channel
and the non-local voltage (VNL) was measured across the right Py strip (detector) with refer-
ence to the right end of the Al channel. An external magnetic field (B) was swept along the
y-axis in the non-local spin valve (NLSV) measurements. In the rotation measurements, B
was applied at different angles (θ) with respect to the y-axis in the xy-plane. (c) NLSV mea-
surements at T = 293 K for an Al channel length (L) of 300 nm on the YIG substrate (red) and
on the SiO2 substrate (black).
and compared with the modulation of the spin signal in rotation experiments, where
the magnetization direction of YIG ( ~M ) is rotated with respect to ~µs.
6.2 Experimental details
The NLSVs with Al spin transport channel were fabricated on top of YIG and SiO2
thin films in multiple steps using electron beam lithography (EBL), electron beam
evaporation of the metallic layers and resist lift-off technique, following the pro-
cedure described in Ref. 34. The 210 nm thick YIG film on Gd3Ga5O12 substrate
and the 300 nm thick SiO2 film on Si substrate were obtained commercially from
Matesy GmbH and Silicon Quest International, respectively. Permalloy (Ni80Fe20,
Py) has been used as the ferromagnetic electrodes for injecting and detecting a non-
equilibrium spin accumulation in the Al channel. A 3 nm thick Ti underlayer was
deposited prior to the evaporation of the 20 nm thick Py electrodes. The Ti under-
layer prevents direct injection and detection of spins in the YIG substrate via the
anomalous spin Hall effect in Py [35, 36]. In-situ Ar+ ion milling for 20 seconds
at an Ar gas pressure of 4 × 10−5 Torr was performed, prior to the evaporation of
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Figure 6.2: (a) The spin signal (Rs) plotted as a function of the Al channel length (L) for NLSV
devices on YIG (red circles) and SiO2 (black square) substrates at 293 K. The solid lines repre-
sent the fits to the spin diffusion model (Eq. 6.2). (b) The effective spin relaxation length in the
Al channel (λN) extracted at different temperatures (T ). λN is smaller on the YIG substrate as
compared to the SiO2 substrate. (c) The electrical conductivity (σN) of the Al channels on the
YIG and the SiO2 substrates as a function of temperature. The close match between the two
conductivities suggests similar quality of the Al film grown on both substrates.
the 55 nm thick Al channel, ensuring a transparent and clean Py/Al interface. A
schematic of the device geometry is depicted in Fig. 6.1(a) and a scanning electron
microscope (SEM) image of a representative device is shown in Fig. 6.1(b). A low
frequency (13 Hz) alternating current source (I) with an r.m.s. amplitude of 400 µA
was connected between the left Py strip (injector) and the left end of the Al channel.
The non-local voltage (VNL) due to the non-equilibrium spin accumulation in the Al
channel was measured between the right Py strip (detector) and the right end of the
Al channel using a standard lock-in technique. The measurements were carried out
under a low vacuum atmosphere in a variable temperature insert, placed within a
superconducting magnet.
6.3 Results and discussion
In the NLSV measurements, an external magnetic field (B) was swept along the y-
axis and the corresponding non-local resistance (RNL = VNL/I) was measured. In
Fig. 6.1(c), NLSV measurements for an Al channel length (L) of 300 nm at T = 293 K
are shown for two devices, one on YIG (red) and another on SiO2 (black). The spin
signal, Rs = RPNL − RAPNL, is defined as the difference in the two distinct states corre-
sponding to the parallel (RPNL) and the anti-parallel (R
AP
NL) alignment of the Py elec-
trodes’ magnetizations. The Rs was measured as a function of the separation (L) be-
tween the injector and the detector electrodes for several devices fabricated on YIG
and SiO2 substrates, as shown in Fig. 6.2(a). To determine the spin relaxation length
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(λN) in the Al channels on YIG (λN, YIG) and SiO2 (λN, SiO2 ) substrates, the experimen-










1− e−2L/λN , (6.2)
where, αF is the bulk spin polarization of Py,RN = ρNλN/wNtN andRF = ρFλF/wNwF
are the spin resistances of Al and Py, respectively. λN(F), ρN(F), wN(F) and tN are the
spin relaxation length, electrical resistivity, width and thickness of Al (Py), respec-
tively. At room temperature, λN, YIG = (276 ± 30) nm and λN, SiO2 = (468 ± 20) nm
were extracted, with αFλF = (0.84± 0.05) nm.
The NLSV measurements were carried out at different temperatures, enabling
the extraction of λN, YIG and λN, SiO2 , as shown in Fig. 6.2(b). From this temperature
dependence, it is obvious that λN, YIG is lower than λN, SiO2 throughout the temper-
ature range of 4.2 K to 293 K. The corresponding electrical conductivities of the Al
channel (σN) on the two different substrates were also measured by the four-probe
technique as a function of T , as shown in Fig. 6.2(c). The similar values of σN for the
Al channels on both YIG and the SiO2 substrates suggests that there is no significant
difference in the structure and quality of the Al films between the two substrates.
Therefore, considering the dominant Elliott-Yafet spin relaxation mechanism in Al
[? ], differences in the spin relaxation rate within the Al channels cannot account for
the difference in the effective spin relaxation lengths between the two substrates.
The smaller values of λN, YIG as compared to λN, SiO2 suggest that there is an ad-
ditional spin relaxation mechanism for the spin accumulation in the Al channel on
the magnetic YIG substrate. This is expected via additional spin-flip scattering at the
Al/YIG interface, mediated by thermal magnons in YIG and governed by the effec-
tive spin-mixing conductance (Gs). As described in Ref. 17, λN, YIG and λN, SiO2 are










where, λr = 2Gs/(tAlσN). Using the extracted values of λN from Fig. 6.2(b) and
the measured values of σN for the devices on YIG from Fig. 6.2(c), we calculate Gs =
3.3×1012 Ω−1m−2 at 293 K. At 4.2 K,Gs decreases by about 84% to 5.4×1011 Ω−1m−2.
The temperature dependence of Gs is shown in Fig. 6.3(a). Since the concept
of the effective spin-mixing conductance is based on the thermal fluctuation of the
magnetization (thermal magnons), Gs is expected to scale as (T/Tc)3/2, where Tc is
the Curie temperature of the magnetic insulator [6, 19, 31, 32]. Using Tc = 560 K
for YIG, we fit the experimental data to C(T/Tc)3/2, which is depicted as the solid
line in Fig. 6.3(a). The temperature independent prefactor, C, was found to be 8.6 ×
696
6. Temperature dependence of the effective spin-mixing conductance probed with lateral
non-local spin valves
(a) (b)
Figure 6.3: (a) Temperature dependence of the effective spin-mixing conductance (black sym-
bols). Gs scales with the temperature as (T/Tc)3/2 (solid line). (b) The real part of the spin-
mixing conductance (Gr) is calculated from Eq. 6.4 by using the experimentally obtained val-
ues of Gs. Gr (≈ 5.7 × 1013 Ω−1m−2) is essentially found to be constant (dashed line) for
T > 100 K.
1012 Ω−1m−2. The agreement with the experimental data confirms the expected scal-
ing of Gs with temperature. Note that the deviation from the (T/Tc)3/2 scaling at
lower temperatures could be in part due to slightly different quality of the Al film on
the YIG substrate. Nevertheless, the small difference of ≈ 10% in the electrical con-
ductivities of the Al channel on the two different substrates at T < 100 K in Fig. 6.2(c)
cannot account for the differences in λN. On the other hand, we note that quantum
magnetization fluctuations [38, 39] in YIG can also play a role at low T , leading to an
enhanced Gs.
Next, we investigate the temperature dependence of the real part of the spin-
mixing conductance (Gr). For this, we first calculate Gr from the experimentally





where ζ(3/2) = 2.6124 is the Riemann zeta function calculated at 3/2, s = S/a3 is the
spin density with total spin S = 10 in a unit cell of volume a3 = 1.896 nm3, and Λ =√
4piDs/kBT is the thermal de Broglie wavelength for magnons, with Ds = 8.458 ×
10−40 Jm2 being the spin wave stiffness constant for YIG [19, 40]. The temperature
dependence of the calculated Gr is shown in Fig. 6.3(b). Keeping in mind that Eq. 6.4
is not valid in the limits of T → Tc and T → 0, we ignore the data points below 100 K.
Above this temperature, Gr is almost constant at ≈ 5.7 × 1013 Ω−1m−2, represented
by the dashed line in Fig. 6.3(b). This is consistent with Ref.25, where Gr was found
to be T -independent. Moreover, the magnitude of Gr is comparable with previously
reported values for Al/YIG [17] and Pt/YIG [19, 41] interfaces.
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Figure 6.4: (a) NLSV measurement for a device on the YIG substrate with L = 300 nm at
150 K. (b) Rotation measurement for the same device with B = 20 mT applied at different
angles (θ) with respect to the y-axis. The black and the red symbols correspond to the average
of ten rotation measurements carried out with the magnetization of the Py electrodes in the
parallel (P) and the anti-parallel (AP) configurations, respectively. (c) The spin signal (Rs =
RPNL − RAPNL) exhibits a periodic modulation of magnitude ∆Rs when the angle θ between the
magnetization direction in YIG ( ~M ) and the spin accumulation direction in Al (~µs) is changed.
The black symbols represent the experimental data at 150 K, while the red line is the numerical
modelling result corresponding to Gr = 1× 1012 Ω−1m−2.
An alternative approach for extracting Gr from the NLSVs fabricated on the YIG
substrate, is by the rotation of the sample with respect to a low magnetic field in the
xy-plane. We have also followed this method, described in Refs.17, 26. In the rotation
experiments, the angle θ between the magnetization direction in YIG ( ~M ) and the
spin accumulation direction in Al (~µs) is changed, which results in the modulation
of the spin signal in the Al channel due to the transfer of spin angular momentum
across the Al/YIG interface, as described in Eq. 6.1, dominated by the Gr term. First,
the NLSV measurement for a device with L = 300 nm was carried out at 150 K, as
shown in Fig. 6.4(a). In the next step,B = 20 mT was applied in the xy-plane and the
sample was rotated, with the magnetization orientations of the Py electrodes set in
the parallel (P) or the anti-parallel (AP) configuration. For improving the signal-to-
noise ratio, ten measurements were performed for each of the configurations (P and
AP). The average of these measurements is shown in Fig. 6.4(b). The smallness of the
modulation in RPNL and R
AP
NL, with respect to the total spin signal (Rs = R
P
NL − RAPNL),
is evident in this figure. Rs, extracted from Fig. 6.4(b), is plotted as a function of θ in
Fig. 6.4(c). Rs exhibits a periodic modulation with the maxima at θ = 0◦ and minima










, was found to be 2.8%. A similar modulation of
2.9% was reported in Ref26 for an NLSV with a Cu channel on YIG with L = 570 nm
at the same temperature.
Gr is estimated from the rotation measurements using 3D finite element mod-
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elling, as described in Ref. 17. From the modelled curve for the spin signal modu-
lation, shown as the red line in Fig. 6.4(c), we extract Gr = 1 × 1012 Ω−1m−2. This
value is comparable to that reported in Ref. 26, within a factor of 2, for an evapo-
rated Cu channel on YIG. However, this value is more than 50 times smaller than
our estimated value from Eq. 6.4, and also that reported in Ref. 17 for a sputtered
Al channel on YIG. One reason behind the small magnitude of Gr extracted from the
rotation measurements can be attributed to the thin film deposition technique used.
In Ref. 14, it was shown that the SMR signal for a sputtered Pt film on YIG is about
an order of magnitude larger than that for an evaporated Pt film. Moreover, during
the fabrication of our NLSVs, an Ar+ ion milling step is carried out prior to the evap-
oration of the NM channel for ensuring a clean interface between the NM and the
ferromagnetic injector and detector electrodes [17, 26]. Consequently, this also leads
to the milling of the YIG surface on which the NM is deposited, resulting in the
formation of an ≈ 2 nm thick amorphous YIG layer at the interface [42]. Since an ex-
ternal magnetic field of 20 mT is not sufficient to completely align the magnetization
direction within this amorphous layer parallel to the field direction [43], the resulting
modulation in the spin signal will be smaller. This might lead to the underestima-
tion of Gr. Note that since the effect of Gs does not depend on the magnetization
orientation of YIG (Eq. 6.1), the milling does not affect the estimation of Gs. Our
observations are consistent with a similarly small value of Gr ≈ 4 × 1011 Ω−1m−2
reported in Ref. 26 for the Cu/YIG interface, where the Cu channel was evaporated
following a similar Ar+ ion milling step. Using the reported values of λN = 522 nm
(680 nm) on YIG (SiO2) substrate for the 100 nm thick Cu channel at 150 K in Ref.26,
we extract Gs = 2 × 1012 Ω−1m−2, which is 5 times larger than their reported Gr
extracted from rotation measurements.
6.4 Conclusions
In summary, we have studied the temperature dependence of Gs and Gr using the
non-local spin valve technique for the Al/YIG interface. From NLSV measurements,
we extracted Gs to be 3.3 × 1012 Ω−1m−2 at 293 K, which decreases by about 84%
at 4.2 K, approximately obeying the (T/Tc)3/2 law. While Gr remains almost con-
stant with the temperature, the value extracted from the modulation of the spin
signal (1 × 1012 Ω−1m−2) was around 50 times smaller than the calculated value
(5.7 × 1013 Ω−1m−2). The lower estimate of Gr from the rotation experiment can be
attributed to the formation of an amorphous YIG layer at the interface due to Ar+
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